Introduction
The design of Automated Highway Systems ͑AHS͒ under the hierarchical control structure described in ͓1͔ consists of five hierarchical layers: network, link, coordination, regulation and physical ͑see Fig. 1͒ . The first two layers are roadside control systems, and the latter three are installed on each automated vehicle. One network layer controller exists for the entire automated highway network, which assigns routes such that vehicles minimize a given measure of performance, such as travel time. Network layer control is exerted by specifying a desired traffic flow profile in each of the highway junctions. A single link layer controller supervises several links or highway sections. Each highway section is approximately 100 to 500 m long. The link layer does not identify individual vehicles, but rather specifies velocities, platoon size and lane changing for each particular vehicle type or destination. Roadside sensors provide vehicle count information for each link. Control commands from the link layer are transmitted to the lower control layers residing in each vehicle that carry out the prescribed maneuvers, while maintaining safety at all times. The coordination layer ͓2-4͔ determines what maneuvers to perform, manages inter-vehicle communications, and coordinates the movement of the vehicle with neighboring cars. The regulation layer, a continuous-time feedback controller, receives commands from the coordination layer and executes the chosen maneuvers ͓5-7͔. The lowest hierarchical level is the physical layer, which pertains to the vehicle's dynamics. It receives steering, throttle, and brake actuator commands from the regulation layer and returns information such as vehicle speed, acceleration, and engine state.
Work performed in this paper pertains to controller design for the link layer. Link layer commands ͑velocity and proportions of vehicles changing lane͒ are transmitted to the coordination layer controllers on each individual vehicle on the AHS. Each vehicle on a highway link attempts to adjust its activities to match the transmitted commands; whether commands are executed is dependent on the vehicle's current state and safety requirements. For example, a vehicle may not be able to achieve the link layer velocity because of a slower moving vehicle downstream, or it may exceed the link layer velocity while involved in a specific maneuver, such as joining a platoon. Because safe capacity constraints ͓8͔ on the AHS are guaranteed, the link layer control laws here presented are such that the real AHS vehicle velocity and proportions of vehicles changing lane will agree on average with the commands transmitted from the link layer controller.
The link layer controller is comprised of feedforward and stabilizing portions ͑see Fig. 2͒ . The feedforward controller specifies desired highway flow trajectories, which match fluctuating highway capacity conditions. The stabilizing controller provides feedback action for the traffic flow to match the desired trajectory. This paper discusses the design of the non-stationary velocity profile for the feedforward controller and presents feedback controllers that cope with time-varying feedforward velocity profiles. These feedback controllers are different from those presented in ͓9͔ and ͓10͔ because now they do not require the feedforward controller to specify stationary velocity profiles that depend only on vehicles' location and not upon time. Non-stationary velocity profiles are useful for changing local traffic behavior without impact to the capacity of entire AHS. Examples of applicable scenarios include emergency vehicles circulating on the AHS or decreasing local vehicle density in a given time and location so that lane change maneuvers can be performed. The controllers are demonstrated in simulation for the high priority transit of an emergency vehicle.
Modeling and Notation
The link layer flow is modeled by a set of partial differential equations based on a conservation of vehicles principle. Vehicle density, K, is expressed in cars/m and parameterized by time ͑t͒, lane, and longitudinal highway position ͑x͒. Time and spatial dependencies are implicit in the notation except where noted.
• K(t,x)ϭ͓K 1 K 2 . . . K m ͔ T , vector of vehicle densities in lanes 1 through m • V(t,x)ϭdiag(V 1 ,V 2 , . . . ,V m ), diagonal matrix of vehicle velocities in lanes 1 through m
where n i, j (t,x) is the proportion of vehicles changing lane from lane i to j per unit time. These proportions apply only to vehicles at position x and time t.
Subscripts of t and x denote partial derivatives with respect to those variables. In this paper modeling framework, vehicle destination is not differentiated, and only two types of vehicles are considered: those with and without high transit priority. The framework, however, can be expanded to do so ͓11͔. The conservation of vehicles principle is expressed as
Physical highway constraints impose certain conditions on the variables involved: namely, V i у0 for all lanes iϭ1 . . . m and n j,k у0 for all adjoining lanes j and k. A desired traffic flow behavior is introduced and it is assumed that it also obeys a conservation law for vehicles; the desired traffic flow behavior should also be physically realizable. Subscript d refers to desired traffic flow behavior. 
Nonstationary Velocity Profiles
A nonstationary velocity profile is defined to be a velocity function which moves with a determined speed. Figure 3 shows an example of a nonstationary velocity profile for a single lane. The graph depicts the traffic speed versus highway coordinate at a particular time. The shape shown in the figure travels along the highway at specified speed, w(t) and does not change as it moves on the highway. In this paper, nonstationary velocity profiles are parameterized by a single coordinate s as shown in Eq. ͑3͒, which defines the new spatial coordinate in terms of the original coordinates x and time t. The function w(•) describes the profile's propagation speed.
In this section it is shown that nonstationary velocity profiles can be utilized to produce circulating regions of low vehicle density. The nonstationary velocity profile of Fig. 3 has a speed of w(t), which is greater than that of any highway vehicle. Vehicles in each of the highway sections travel at speeds specified by the velocity profile at a given location and time. To determine the associated changes in density due to this velocity profile under steady state conditions, the time derivative of the integral
For a steady-state solution, set the derivative of the left-hand side of Eq. ͑4͒ to zero and utilize Eq. ͑2͒ to obtain an expression that relates the densities at locations a and b to each other, after and before encountering the velocity profile, respectively.
If the velocity profile does not change shape and travels faster than all vehicles at speed, w(t), then let w(t)ϭȧ ϭḃ ϾV d (t,x)᭙x, t. It can be noted from Transactions of the ASME only 3 vehicles in the same section. The vehicle density returns to 6 vehicles after the velocity wavelet passes. It can be seen that the velocity profile produces an accompanying region of low-vehicle density. These regions of low vehicle density can be desirable from a safety standpoint; they allow vehicles inside the regions more time and opportunity to perform maneuvers such as lane changing under decreased traffic density conditions. Slower moving vehicles require less headway space for safety. A moving region of low vehicle density, which results from the nonstationary velocity profile, can be used to perform vehicle maneuvers which are otherwise not possible due to capacity and safety constraints.
Depending on shape and traveling speed, velocity profiles can also lead to point accumulations of vehicles and can have a detrimental effect on traffic. Figure 5 illustrates a single lane example. In this case w(t)ϭȧ ϭḃ ϭV d (t,a)ϾV d (t,b). Eq. ͑5͒ implies an infinite increase in the vehicle density, K d (t,a). Slower moving vehicles in front of xϭa are caught up by the rapidly moving velocity profile traveling at w(t). Once a vehicle's position coincides with point a, its velocity becomes the same as that of the velocity profile, w(t); the vehicle is forced to travel with the velocity profile, which accumulates the slower moving vehicles in front of it. Figure 6 depicts the approximate TS diagram for this unstable velocity profile. At tϭ0 s, vehicles are spaced every 100 m and travel at 20 m/s. The profile travels at 30 m/s. As vehicles encounter the traveling velocity profile from behind, they speed up to 30 m/s, which is shown as an increase in the slope of each trajectory. At the lower boundary of the graph, all the vehicles join together in a single path, which corresponds to an accumulation of vehicle density along the trajectory. This can be thought of as vehicles joining the velocity profile as it moves along the highway and those cars being unable to escape the profile. Because the profile overtakes all cars and retains them, the number of vehicles inside the profile increases indefinitely.
If there is more than one highway lane, this accumulation of vehicles can be cancelled by use of lane changes. Lane changes are utilized in front of the point of accumulation, where V d (t,a) ϭw(t), to empty the lane of vehicles so that they are not caught up in the shock wave. The vehicles that change lane can be returned to the original lane after the wave has passed. For safety considerations and spacing requirements, lane changing should not occur between lanes with a large difference in speed at that location. Figure 7 shows a set of velocity profiles for two lanes which utilize lane changing. The two profiles travel together at speed w(t), which is equal to the maximum speed in lane 1, w(t) ϭV high . The overall number of vehicles on the AHS is high, such that vehicles in both lanes cannot be moved into a single lane while maintaining the nominal speed due to safe spacing constraints. As vehicles in both lanes encounter the velocity profile, the vehicles decelerate to V low . The deceleration has the same effect as illustrated in the case shown in Fig. 3 , i.e., vehicle density decreases in the location of V low by the proportion given in Eq. ͑5͒. This slow speed vehicle density region can be utilized for lane changing. The velocity profile is defined such that the velocity of vehicles at xϭx e is V high , the maximum speed of lane 1. In this particular case, the speed of the velocity profile is set by design to be w(t). Because V high ϭw(t) at xϭx e , any vehicles which remain in lane 1 will be caught up in the shock wave if not moved out of the way, as illustrated in Fig. 5 . The velocity profile's characteristics at xϭx e are the same as that of the example shown in Fig. 5 , which experiences a point accumulation of vehicles. It is necessary to determine the proportion of vehicles that 
The link layer controllers attempt to move all vehicles out of the way; i.e., K d,1 (t,x 3 )ϭ0. Using Eq. ͑4͒ together with Eq. ͑2͒, we obtain:
For a steady-state solution without accumulation of vehicles in x ͓x 3 ,x 4 ͔, set the left hand side of Eq. ͑7͒ to zero. Assuming that the proportion of vehicles changing lane per unit time in this interval is constant, Eq. ͑8͒ is obtained.
dx is the number of vehicles between x 3 and x 4 . In the case of no vehicles, we can safely set n d,1,2 (t,x)ϭ0 for x͓x 3 ,x 4 ͔.
If vehicles are not able to change lane out of the way in response to the link layer commands due to safety conditions ͑e.g., another vehicle alongside͒, special coordination layer maneuvers have been developed to circulate vehicles out of the way ͓12͔. The link layer works together with the coordination layer to prevent the accumulation of vehicles.
For xϽx e in Fig. 7 , lane 1 is void of vehicle density because of the lane changing downstream x͓x 3 ,x 4 ͔. To describe the return of vehicles to lane 1, a similar expression is derived for lane 2 for x͓x 1 ,x 2 ͔. It is assumed that the following holds true for the proportions of lane changing.
In a similar manner to deriving Eq. ͑8͒, Eq. ͑4͒ is combined with Eq. ͑2͒ to obtain
This expression differs from Eq. ͑7͒ because the number of vehicles to retain in lane 2 after the velocity profile has passed, K d,2 (t,x 1 ) can be chosen. For a steady-state solution, set the left hand side of Eq. ͑10͒ to zero and assume that the proportion of vehicles changing lane n d,2,1 is constant in the interval x ͓x 1 ,x 2 ͔.
The denominator of Eq. ͑11͒ is the number of vehicles in lane 2 in the interval x͓x 1 ,x 2 ͔. If there are no vehicles in this region, n d,2,1 can be set to zero because there are no cars to control.
Using the velocity profile shown in Fig. 7 , a vehicle or priority group of vehicles is able to travel along the highway at speed w(t), faster than the rest of the traffic. The velocity profile indicates that if there is high traffic density on the AHS, the vehicles downstream should decelerate in order to change lane out of the way, which is counterintuitive. The speed and spatial shape of the velocity profile should be chosen such that the maximum acceleration/deceleration capabilities of vehicles is not violated. On a nonautomated highway system, the coordinated deceleration and lane changing needed by the nonstationary velocity profile is difficult to achieve. In future sections, the use of the nonstationary velocity profile will be illustrated and stabilizing traffic flow control laws for an emergency vehicle which must travel faster than the average traffic on an AHS are presented.
Traffic Flow Stabilizing Control
A link layer controller does not seek to identify or control individual vehicles; rather, it controls the distribution of vehicle density on the automated highway by issuing speed and activity commands ͓8͔. The link layer controller is comprised of two parts: a feedforward and a stabilizing portion ͑Fig. 2͒. The feedforward controller provides a desired traffic flow behavior in terms of vehicle density distribution K d , traffic flow speed V d and activity proportions N d . An activity that could be described by this type of model is lane changing, for example. The stabilizing controller processes the desired trajectory information and true density distribution to determine feedback control laws for the traffic flow speed and activity proportions. It is assumed that the real traffic flow obeys Eq. ͑1͒ and that the desired traffic flow behavior obeys the continuity equation Eq. ͑2͒. The trajectory produced by the feedforward controller should be physically meaningful and realizable. Recall that subscript d refers to desired traffic.
Control action is exerted by specification of velocity, V, and change lane commands, N, to vehicles along the highway. They are decomposed as
where V f , N f , V d , and N d represent the feedback and feedforward portions of the controller, respectively. Appropriate choice of the velocity, V f , and lane change, N f , feedback terms will be discussed in Section 6. Define the vehicle density error to be K ϭK d ϪK. The error dynamics of the traffic density flow are given by Eq. ͑13͒.
Previous research for link layer control can be found in ͓12,11͔. In ͓12͔, a matrix transformation is utilized to convert vehicle density into a variable which better reflects the influence of velocity fields upon lane change activity. Desired lane change proportions are time-invariant. In ͓11͔, a controller without matrix transformation but with time varying lane change proportions is used to demonstrate the stability of the feedback controller. In ͓13͔ this controller is used for the circulation of traffic around a moving section of highway. Lane change commands were used to achieve a local region of low vehicle density.
Coordinate Transformation
A nonstationary velocity profile is a velocity function parameterized by a single coordinate s, as shown in Eq. ͑14͒. It is assumed that the velocity profile travels at velocity w(t) and propose the following coordinate transformation for (x,t)→(s,) ͑Eq. ͑14͒͒.
Transactions of the ASME The time and position partial derivatives transform in the following manner:
Under this coordinate transformation, Eq. ͑1͒ may be rewritten as:
Subscript s refers to partial derivatives with respect to that variable. K(,s) and N(,s) are the vehicle density and lane change terms, respectively, after the change of coordinates. The blackboard boldface type refers to matrix quantities in the new coordinate system (,s). Eq. ͑16͒ describes vehicle densities in the moving coordinate frame in terms of the relative velocity V rel ϵV Ϫw(t)I. The coordinate transformation removes the desired velocity's time dependence and casts the flow equation into a form similar to the original conservation expression ͑Eq. ͑1͒͒. The desired traffic flow behavior in Eq. ͑2͒ transforms similarly.
The error dynamics, expressed in the new coordinate system are shown in Eq. ͑18͒.
Because the desired velocity profile travels at speed w(t), the desired relative velocity, 
Stabilizing Controller With Matrix Transformation
In this section we present a stabilizing controller based on a matrix transformation for the vehicle error density. This matrix transformation of K allows to take into account the desired lane change proportions and traffic speed. The matrix transformation varies with relative highway position. Subscripts of t, s and x in this section denote partial differentiation with respect to the variables. Another link layer feedback stabilizing controller that does not require the use of the coordinate transformation is presented in ͓14,15͔.
Lemma 1. Let A(s) be a nonsingular matrix transformation for the vehicle density
is a time independent coordinate transformation and is also required to be nonsingular ᭙s. Note that N d (s) is nonsingular and V d,rel (s) is nonsingular everywhere. Because of the time independence of A(s), the matrix can be precomputed a priori. N d (s) must also be time independent as well, in order for A(s) to remain time independent with the dynamics given above.
s). Define the velocity feedback law to be
V f (,s)ϭϪ(,s)diag ͓A T (s)V d,rel (s)A(s)K (,
s)͔ s and the lane change feedback law to be n f
. The boundary conditions are
Using integration by parts and noting that
Impose the conditions that V f (t,xϭ0)ϭV f (t,xϭL)ϭ0.
Recall that F(,s)ϵA
where V d,rel (s)Ͻ0 and V d (,s)Ͼ0.
Simulation Results
The feedforward and feedback controllers described in the previous sections are applied to control the circulation of an EV in an AHS. High priority transit is desired for the EV, which should move faster than the surrounding traffic. From a safety standpoint, an area of low vehicle density is desired around the moving EV so that other vehicles can circulate around it. This region of low vehicle density is achieved by moving a low velocity profile in the non-EV lane, as discussed in Section 3. In the EV lane, vehicles are requested to move out of the way; these vehicles must also decrease speed to provide safe lane changing space. The nonstationary velocity profile to be used is shown in Fig. 7 . The EV travels at the location of the peak velocity in lane 1. To avoid vehicle pile-up in front of the EV and to restore the nominal flow of the highway after the EV passes, lane changing is required.
SmartCap ͓16͔, a traffic flow simulation package, is used to simulate a hypothetical emergency vehicle ͑EV͒ circulating on a two lane highway. The controller with coordinate transformation described in Section 6 is used for feedback control.
In these simulations, all vehicles are assumed independent ͑i.e., no platoons͒ and all highway sections are 100 m long. A safety policy which imposes constraints on vehicle spacing dependent on activity and vehicle speed is imposed. Activities such as changing lane require additional space in both the origin and destination lanes.
In Figs. 8 and 9 , SmartCap results are shown for the two lane nonstationary profile without control feedback. At tϭ0, the highway is empty and a net inflow of 4800 vehicles per hour distributed equally over the lanes is allowed. These vehicles travel at the nominal speed of 20 m/s. By tϭ1000 s, the highway is filled evenly with 3. In Fig. 9 the velocity profile retains the basic shape shown in Fig. 7 in the absence of feedback. This is due to the fact that the Transactions of the ASME commands sent to the highway vehicles are entirely based upon the desired traffic profile ͑NϭN d and VϭV d ͒, which are specifically designed to generate the density distribution shown in Fig. 7 . However, there are differences between Fig. 7 and Fig. 9 ; a pile-up of vehicle density results upstream of the profile in Fig. 9 because vehicles must be moved out of the way to create space for the EV. In the absence of feedback control, this pile-up persists during the simulation and travels down the highway at the nominal speed. When space for the EV is initially formed in lane 1, vehicles must change lane into lane 2. Because the vehicles do not return to their original lane 1, there is a greater pile-up of vehicle density in lane 2 than in lane 1 upstream. Figures 10 and 11 depict the results of a simulation with the same highway conditions but utilizing the coordinate transformation controller of Section 6 for feedback. Prior to simulation, the matrix transformation, A(s) is precomputed in Matlab. The overall effect of the feedback control is a smoother vehicle density distribution. After the initial formation of space for the EV, the peak number of vehicles in a section is greater in the absence of feedback control, resulting in greater perturbation.
The pile-up of vehicle density upstream of the profile is dissipated as time progressed due to feedback control. The velocity profile shown in Fig. 11 is similar in general shape to Fig. 9 except for a slight ''bowing'' of the velocity curve where the pile-up is located. Very small changes in the velocity curve result in significant vehicle density dissipation. This suggests that using control feedback for dissipation of local density peaks may have little negative impact on large scale highway capacity. The vehicle density is also equalized in the two lanes upstream of the profile due to lane change feedback. The amount of lane changing activity behind the profile is significant. Restoration of nominal highway conditions behind the EV is desirable from a capacity standpoint. Simulations utilizing the controller in ͓14,15͔ produce similar results.
Conclusions
Link layer traffic flow controllers to be used within the PATH hierarchical control architecture are introduced. Nonstationary velocity profiles for multilane highways that include changes in vehicles speed and lane are described. By analyzing the effects of shape and speed of these profiles on the traffic flow, it is determined that they create a moving region of low density. This region, that can be moved with a speed greater than the maximum vehicle speed, allows the fast circulation of emergency vehicles, a very important feature for incident handling inside or outside the AHS. Implementing this non-stationary velocity profiles requires communication and coordination among vehicles to anticipate induced disturbances. For this reason these profiles may not be feasible for manual traffic highways.
A traffic flow controller that is capable of stabilizing the nonstationary velocity profiles is presented. This controller differs from previous work ͓12,9͔ in that the desired velocity profile is allowed to vary in time, a very important feature when dealing with emergency or incident maneuvers in AHS. As a result, maneuvers can be safely executed while high vehicle density is maintained everywhere else on the AHS. Simulation results illustrate the performance of the controller.
